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^—i , We discuss new Hubble Space Telescope spectroscopy of the radio-loud 

CN ' quasar, 3C 288.1. The data cover ~590 A to ~1610 A in the quasar rest 

frame. They reveal a wealth of associated absorption lines (AALs) with 
I no accompanying Lyman-limit absorption. The metallic AALs range in 

ionization from C III and N III to Ne VIII and Mg X. We use these data and 
photoionization models to derive the following properties of the AAL gas: 1) 
There are multiple ionization zones within the AAL region, spanning a factor 
of at least ~50 in ionization parameter. 2) The overall ionization is consistent 
with the "warm" X-ray continuum absorbers measured in Seyfert 1 nuclei and 
other QSOs. However, 3) the column densities implied by the AALs in 3C 288.1 
are too low to produce significant bound-free absorption at any UV-X-ray 
wavelengths. Substantial X-ray absorption would require yet another zone, 
having a much higher ionization or a much lower velocity dispersion than the 
main AAL region. 4) The total hydrogen column density in the AAL gas is 
logiVH(cm~ 2 ) rs 20.2. 5) The metallicity is roughly half solar. 6) The AALs 
have deconvolved widths of ~900 km s _1 and their centroids are consistent 
with no shift from the quasar systemic velocity (conservatively within ±1000 
km s _1 ). 7) There are no direct indicators of the absorber's location in our 
data, but the high ionization and high metallicity both suggest a close physical 
relationship to the quasar /host galaxy environment. 

Finally, the UV continuum shape gives no indication of a "blue bump" 
at higher energies. There is a distinct break of unknown origin at ~1030 A, 
and the decline toward higher energies (with spectral index a ~ —1.73, for 
f u oc v a ) is even steeper than a single power-law interpolation from 1030 A to 
soft X-rays. 



Subject headings: Galaxies: active; Quasars: absorption lines; Quasars: general; 
Quasars: individual (3C 288.1) 



1. Introduction 



Associated absorption lines (AALs) in quasar spectra provide unique information on 
the kinematics, physical conditions and elemental abundances in the gas near quasars. 
AALs are defined empirically as having 1) relatively narrow profiles (less than a few 
hundred km s _1 ), and 2) absorption redshifts, z a , near the emission redshift, z e , (generally 



within 3000-5000 km s"\ see [Weymann et al. 1979j [Foltz et al. 1986| , [Foltz et al. 198$ ). 



The first criterion distinguishes AALs from the class of broad absorption lines (BALs), 
which have velocity widths and maximum displacements that often exceed 10,000 km s _1 . 
BALs clearly form in high-velocity winds from the central engines (see the reviews by 
Weymann 1997, |Weymann 1995] , Turnshek 1995, Weymann et al. 1985| ). AALs (or 
z a ~ z e systems) can form potentially in a variety of locations — from outflows near 
the black hole/accretion disk, perhaps like the BALs, to intervening gas or galaxies at 
large (cosmologically significant) distances. A few AAL systems are known to form in 
quasar ejecta (probably within a few pc of the energy source, [Hamann et al. 1997 , Barlow 
fc Sargent 1997| |Ganguly et al. 1999|), while others clea rly probe extended regions on 
host-galaxy scales (>1 kpc distant, Williams et al. 1975, Sargent et al. 1982, Morris et al 



1986, Tripp et al. 1996] , Barlow et al. 1997| ). Surprisingly little else is known about the 



nature of the absorbing regions or their relationship to other quasar phenomena. 

One important clue is that both AALs and BALs in the UV appear to correlate with 
the presence of continuous absorption in soft X-rays flGreen fc Mathur 1996 , Crenshaw et al. 



1999] pVlathur et al. 1998| , |Mathur et al. 1999| , |Gallagher et al. 1999| , |Brandt et al. 1999| 



and references therein). The X-ray absorbers in AAL sources (both quasars and Seyfert 1 
galaxies) tend to have high total hydrogen column densities (log A^cm -2 ) ~ 21 to 23) 
and high ionizations (being dominated by absorption edges of O vn and O viii near 0.8 
keV) ( Reynolds 1997| , |George et al. 199"8a ). In contrast, the AALs typically indicate lower 
column densities and lower levels of ionization (cf. |Hamann 1997 ). The X-ray absorbers 
that accompany BALs have even larger total column densities of log Vh(cul -2 ) ^ 23 
( |Grcen &; Mathur 1996 , Gallagher et al. 1999). In those objects, the total column 
densities derived from X-rays exceed prior estimates from the BALs by 2 or more orders of 
magnitude (Hamann 1998). Clearly, we must consider the UV and X-ray data together to 
obtain a complete census and understanding of the absorbing environments. 

A key question now is the physical relationship between the UV and X-ray absorbers. 
Mathur et al. (1998 and refs. therein) argue that they could reasonably identify a single 
absorbing medium, while other work has shown that multiple regions (having different 
velocities, ionizations and/or column densities) are at least sometimes present (e.g. Kriss 
et al. 1996| , [Hamann et al. 1997] , [Reynolds 1997] |George et al. 1998b|, |Mathur et ah" 



1999| ). High-ionization UV lines, such as Ne VIII AA770,780 and Mg X AA610,625, can 



directly test the UV-X-ray relationship because their ionization requirements are similar 
to the O VII and O VIII edges measured in X-rays. The far-UV spectra needed to reach 
the Ne VIII and Mg X lines also encompass many under-utilized diagnostics such as the 
H I Lyman limit, the Lyman series lines, and numerous metal lines spanning a wide 
range of ionizations. Unfortunately, these features are difficult or impossible to measure 
in many sources because of their short wavelengths. For example, they are obscured by 
Galactic Lyman-limit absorption in low-redshift sources (e.g. in all Seyfert galaxies) and 
contaminated by the dense "forest" of Lya absorbers at high redshifts. Another problem at 
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high redshifts is that the dominant O VII and O VIII edges are shifted out of the sensitive 
energy range of current X-ray telescopes. 

Intermediate-redshift quasars (0.5 £ z ^ 1) provide a unique opportunity to measure 
all of the key UV and X-ray features in the same object. We have begun a program to 
obtain UV and X-ray spectra of several such objects. Here we discuss new UV observations 
of the radio-loud quasar, 3C 288.1. This source has both the required moderate redshift, 
z e w 0.961 ( Schmidt 1968] ), and a strong AAL system ( Wills et al. 1995|). It also has a 
dramatically bipolar (lobe-dominated) radio morphology ( [Rcid ct al. 1995| , |Akujor et al. 



1994 ). The X-ray absorption properties of 3C 288.1 are not yet known, but it was weakly 



detected in soft X-rays with the Einstein IPC (from ~0.16 to ~3.5 keV, Zamorani et al 
1981 ). Wilkes et al. (1994) estimate its 2-point power-law index between 2500 A and 
2 keV to be a ox = —1.51 (where /„ oc v a ° x ). 



2. Observations and Data Reductions 

We obtained spectra of 3C 288.1 in two observations with the Hubble Space Telescope 
(HST). Both measurements used the Space Telescope Imaging Spectrograph (STIS) with 
a 0.2" x 52" slit and the MAMA detectors. The first observation, on 12 January 1999, 
yielded 8564 s of on-source integration time in 3 exposures with the G230L grating. The 
usable wavelength coverage is ~1645 A to ~3160 A (observer's frame). The realized 
spectral resolution depends mostly on the line-spread function of the spectrograph for the 
quasar point source. We measure this resolution to be roughly 5.9 A, or 3.7 pixels on 
the MAMA detector, based on the full widths at half minimum (FWHMs) of Galactic 
absorption lines. The velocity resolution is thus ~1080 to ~560 km s _1 from the short- 
to long-wavelength ends of the spectral coverage. The second observation, on 21 January 
1999, used the G140L grating for a total of 14778 s in 5 exposures. The spectral coverage 
in this case is roughly 1155 to 1720 A at a measured resolution of ~2.5 A (~4.2 pixels on 
the MAMA), corresponding to ~660 to ~440 km s _1 from the short- to long- wavelength 
ends. The combined spectra provide complete wavelength coverage from ~590 A to ~1610 
A in the quasar rest frame. 

We acquired flux-calibrated spectra for these observations (one spectrum for each 
exposure) from the Space Telescope Science Institute, based on their standard "pipeline" 
reductions. We then performed additional manipulations and measurements using the 
IRAF[] software package. In particular, we measured Galactic absorption lines to establish 
that there are no significant wavelength shifts between exposures taken with the same 
grating. We then averaged the 3 G230L spectra and the 5 G140L spectra using weights 
determined from the integration times. To check the absolute wavelength calibrations 
with each grating, we measured centroids for several Galactic absorption lines in the two 
averages. Based on those measurements, and assuming the Galactic lines are at their 
laboratory wavelengths ( Schneider et al. 1993| ), we applied offsets of —1.25 A and —0.2 A 



to the mean G230L and G140L spectra, respectively. 

1 IRAF is distributed by the National Optical Astronomy Observatories, which operates under the 
Association of Universities for Research in Astronomy in cooperative agreement with the National Science 
Foundation. 
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3. Results 

Figure 1 shows the final mean spectra. They reveal many new AALs compared to 
earlier work ([Wills et aL 1995| ), including Ne VIII AA770,780 and probably Mg X A625. 
They also show no H I Lyman limit absorption related to the AALs (see also Fig. 3 below). 



3.1. Absorption Lines 

Table 1 lists properties of the detected absorption lines, namely, the vacuum centroid 
wavelengths (X bs) an d equivalent widths (W\) in the observed frame (both in A), the 
line identifications (ID), the absorption redshifts (z a ) for identified non-Galactic features, 
and the derived column densities as discussed in §4.2 below. The derived quantities use 
laboratory wavelengths and atomic data from Verner et al. (1994a). The strong AAL 
system has a nominal redshift of z a ~ 0.9627. Table 1 includes upper limits on W\ for 
several lines not detected in this system. The last column in the table provides additional 
notes, including FWHMs for the strongest unblended lines at z a ~ 0.9627. 

We measure the absorption lines by first defining a pseudo-continuum based on 
smooth polynomial fits to the actual continuum and broad emission lines. We then use 
cursor functions in IRAF's splot program to measure (by direct integration) significant 
absorption features relative to the fitted curve. For unblended lines, the uncertainties in 
W\ are dominated by the subjective pseudo-continuum placement. We estimate the la 
uncertainties for these features to be <^0.1 A in the G140L data and <^0.15 A in G230L. 
For absorption features blended with each other, the uncertainties depend on the severity 
of the blend. If the blending is not severe (i.e. if there are still distinct absorption 
minima at each transition's wavelength), we again measure/deblend the individual lines 
"by eye" using cursor functions in splot. To check our accuracy, we also fit some of these 
modestly blended lines with gaussian profiles (using x 2 minimization in the IRAF task 
specf it). Figure 2 shows a blend of 4 such lines, including Ly/3 and the O VI doublet 
in the z a ~ 0.9627 system. We fit these features with one gaussian per transition (see 
dotted curves in figure). The redshifts and velocity widths of the O VI pair are forced 
to be identical. The measurements derived from these fits appear in Table 1. They are 
within 10% of our estimates from manual deblending, thus confirming the viability of both 
procedures. 

Some severe blends in the z a ~ 0.9627 system do not have distinct absorption dips 
corresponding to each transition. For the multiplets in this category, C IV AA1549,1551, 
N V AA1239,1243 and N III AA685,686 (Fig. 1), we make no attempt at deblending and 
list them as single lines in Table 1. For other unresolved blends, we measure W\ for the 
entire blend and then divide the result among the different transitions. The W\ for both 
the entire blend and the individual lines are given in Table 1. In particular, O V A608 is 
part of an unresolved blend with Galactic Si II AA1190,1193. We estimate W\ for O V 
A608 alone by subtracting a prediction for the Galactic Si II (1.4 A), based on the relative 



strengths of the various Si II lines in other quasar spectra ( Schneider et al. 1993 ). The 
result is given in Table 1 without further correction for the possible contribution from 
Mg X A610. Another case involves O IV A788 and S V A786, which are blended with each 
other and with Galactic C IV AA1549,1551 absorption. For this blend, we first subtract 
a C IV contribution (0.6 A) derived from the Galactic C IV/Si IV ratio in other sources 
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( Schneider et al. 1993; ). We then divide the remaining W\ between the O IV and S V lines 
according to the ratio (3.55:1) of their oscillator strengths weighted by solar abundances 
(i.e. their "strength" parameters in Verner et al. 1994a ). 

Finally, we note that the measurement uncertainties are particularly large for the Lya 
absorption at z a ~ 0.9627 because it lies near a sharp peak in the Lya emission line (Fig. 
1). Our estimate of this Lya absorption strength is therefore sensitive to the assumed 
emission profile. In §4.3 we will show that the value of W\ given for this line in Table 
1 is almost certainly too small. The la uncertainties in the O VI, N V and C IV AALs, 
which also sit atop emission lines, should be <10% based on repeated measurements with 
different assumed emission- line profiles. 



3.2. Emission Lines 

We measure the emission lines using our fit above to the pseudo-continuum (§3.1). 
This fit (for example Figure 2) interpolates across the absorption features and thus 
approximates the unabsorbed emission spectrum. We define the line emission relative to 
a subjective estimate of the "true" continuum in this fitted spectrum. Direct integration 
then yields approximate rest-frame equivalent widths of W\ = 21 db 2 A for C IV A 1549, 
W x = 12 ± 3 A for O VI A1034, and W x = 50 ± 5 A for the Lya + N V A1240 blend. The 
la uncertainties are estimates based on multiple measurements with different plausible 
continuum placements. We estimate a 3a upper limit on the Ne VIII A774 equivalent width 
of very roughly 7 A, consistent with the measured strength of this feature in other QSOs 
QHamann et al. 1998| ). 



3.3. Continuum Shape 

Figure 3 shows the combined HST-ST1S spectra on a log-log scale with frequencies 
shifted to the quasar rest frame. There is a clear change in the continuum slope near 
1030 A (logi/(Hz) ~ 15.46). This change is illustrated in the figure by a broken power-law 
(/„ cx v a ) with a « -1.73 for A £ 1030 A and a w -0.83 for A £ 1030 A. A break like 
this near 1030 A appears to be typical of QSOs flZheng et al. 1997], p'Brien et al. 1988;), 



although the spectral indices derived here are less negative (by 0.2-0.7 dex) than the 
published averages for other radio-loud sources. 

It is interesting to compare the UV continuum fluxes in Figures 1 and 3 with the soft 
X-ray measurements of 3C 288.1 ( [Wilkes et al. 19"94 ). In particular, the 2-point power-law 



index between 2 keV and 1030 A in the rest frame is a uvx ~ —1.51. Note that the X-ray 
measurement is just a ~3<7 detection and that those data were obtained ~19.5 years prior 
to our HST observations. Also note that the value of a uvx given here is coincidently 
identical to a ox (between 2 keV and 2500 A) reported by Wills et al. (1994). They used 
the same X-ray data but a different (ground-based) measurement of the rest-frame UV. 
Evidently, the UV flux varied. The X-rays might have varied also. Nonetheless, the slope 
wc measure at A £ 1030 A appears, like other radio-loud quasars, to be significantly 
steeper than a single power-law extrapolation from 1030 A to soft X-rays (Laor et al. 



1997 ). The implications of this continuum shape are discussed in §5.3 below. 
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3.4. UV Variability Check 



Wills et al. (1995) observed 3C 288.1 with the Faint Object Spectrograph (FOS) on 
board HST in April 1993. Those spectra span observed wavelengths from 2225 to 3280 
A at a resolution slightly higher than our STIS data, FWHM « 230 km s -1 . Direct 
comparisons between the two data sets reveal no significant changes in the continuum 
(from 1135 to 1610 A in the rest frame) or the emission or absorption lines (Lya, N V and 
C IV) measured in common. 

4. Properties of the Associated z a ps 0.9627 Absorber 
4.1. Kinematics 

The line profiles in the z a « 0.9627 system are marginally resolved, with typical 
measured FWHMs of ~1100 km s" 1 (Table 1). Simple gaussian deconvolution from the 
instrumental response profile therefore suggests that the intrinsic line widths are roughly 
900 km s -1 . We cannot rule out the possibility that these widths result from a blend of 
many narrower (unresolved) features. However, the higher resolution (230 km s _1 ) FOS 
spectra of Wills et al (1995, see §3.4 above) give no indication of narrower features in 
Lya, C IV or N V. The ~900 km s _1 line widths should, in any case, represent the full 
line-of-sight velocity dispersion through the absorbing region. 

We do not have an accurate estimate of the absorber's velocity shift relative to the 
quasar. The emission redshift quoted in the literature, z e « 0.961, comes from an old 
photographic measurement of C III] A1909 and Mg II A2799 (Schmidt 1968). Nonetheless, 
the difference between that z e and our measurement of z a ~ 0.9627 is consistent with the 
apparent small blueshift of the AALs relative to the emissiondine peaks (e.g. in C IV, 
Lya, and O VI, Fig. 1). Interpreting this velocity shift, roughly 250 km s -1 , in terms of a 
radial flow is problematic, however, because the broad emission lines might be either blue 
or redshifted with respect to the quasar's true systemic velocity. For example, Marziani 
et al. (1996) measured velocity shifts up to ±1000 in C IV relative to the narrow emission 
lines (e.g. [O III] AA4959,5007) in a sample of radiodoud quasars. We therefore conclude 
conservatively that the AALs in 3C 288.1 lie within ±1000 km s" 1 of the quasar's systemic 
velocity. 



4.2. Column Densities 

We use a curve-of-growth analysis to derive column densities for each of the ions 
detected at z a ~ 0.9627. With the line equivalent widths from Table 1, the only free 
parameter in this analysis is the doppler b value (where b = FWHM/ 1.665 for gaussian 
line profiles). Even though the line profiles are not well resolved, the data provide several 
independent constraints on b and the inferred column densities. In particular, 1) the 
deconvolved FWHMs, roughly 900 km s _1 (§4.1), require b <^ 540 km s _1 . 2) The absence 
of an H I absorption edge at 912 A (see Figs. 1 and 3) places a firm upper limit on the H I 
column density and thus a lower limit on the Lymandine b value. We estimate that the 
optical depth at this edge is no more 10%, implying an H I column of log AHi(cm -2 ) < 16.2 



6 



cm~ 2 and b ^ 190 km s -1 in the Lyman lines. 3) Comparing different lines of the same 
ion, such as the H I Lyman series and doublets like O VI and Ne VIII, places firm limits on 
their b values and column densities. The fact that these multiplets do not have observed 
ratios of ~1:1 (Fig. 1 and Table 1) implies immediately that the lines are not dominated 
by very optically thick components (with small b) . Finally, 4) weak lines of low-abundance 
elements like P V AA1118,1128 are not detected. If the metals have roughly solar relative 
abundances, the absence of these weak transitions implies that strong transitions like C IV 
A1548 have optical depths <^30 ( Hamann 1998 ). 

Table 1 lists the column densities derived from each measured line in two limiting 
cases, b = 200 km s _1 and b = 540 km s . Higher b values would exceed the deconvolved 
FWHMs, while lower b values would violate the upper limit on iV(H I) and yield 
inconsistent results for some multiplets (e.g. H I and O VI AA1032,1038). Comparing these 
two results in Table 1 gives an indication of the theoretical uncertainties. Note that the 
results for b = 540 km s _1 are all within 0.2 dex of the optically thin lower limits. 

We adopt an intermediate value of b = 300 km s _1 for our "best guess" column 
densities. These columns are listed in Table 2 after averaging over all useful lines for 
each ion. Entries marked ":" are uncertain by as much as a factor of ~2, while those 
labeled have even larger uncertainties. C III, Mg X and S V have these uncertainty 
flags because of blending problems, while S III and S IV have large uncertainties because 
different lines yield substantially different column density results (Table 1). O V is marked 
as uncertain because the only line measured for that ion, A630, might be saturated. (The 
curve-of-growth analysis with b = 300 km s _1 suggests that O V A630 has optical depths 
up ~7, higher than any other measured line.) 

Note that the analysis above assumes the absorber fully covers the background light 
source(s) along our line(s) of sight. Partial coverage is known to occur in some AAL 
systems, based on measured doublet ratios in high resolution spectr a ([Wampler et al. 



"1993] petitjean et al. 1994| , [Hamann et al. 1997| , parlow et al. 1997| , |Ganguly et al. 1999| , 
also §5.2 below). The only 2 known cases of partial coverage in radio-loud quasars have 
coverage fractions of >95% ( |Barlow fc Sargent 1997| , Hamann et al. 1999|) . The strongest 
constraint on the coverage fraction in 3C 288.1 comes from the measured depth of the 
deepest line, O V A630, which requires >75% coverage. If the coverage fraction is near 75%, 
then the column densities listed for the deepest lines in Table 2 could be underestimated. 
On the other hand, if the coverage fraction is >95% like the other radio-loud quasars, all 
of the column densities in Table 2 would be accurate. 

Clearly, the column densities reported here should be checked with higher resolution 
spectra. Such data would test for both partial coverage and narrow (presently unresolved) 
line components. Narrow lines (with low b values) might, in principle, harbor large 
column densities while contributing little to the total equivalent widths. However, the 
line multiplet ratios and the lack of a Lyman edge already prohibit low b values and 
large column densities for the dominant absorber in 3C 288.1 (even if there is incomplete 
coverage). The column densities in Table 2 should therefore apply to whatever absorber (s) 
control the measured equivalent widths. We will adopt these column densities hereafter 
in our discussion, with the understanding that they apply strictly to the dominant AAL 
absorber. 
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4.3. Ionization, Density and Radial Distance 



The detected metal lines at z a ~ 0.9627 range in ionization from C III and N III 
to Ne VIII and Mg X. There are no strong transitions of higher ions, for example Si XII 
AA499,521, within our wavelength coverage. The upper limit of the ionization is therefore 
unknown. The lower limit is firmly established by the absence of singly-ionized metals 
such as C II, N II and O II (see Table 1). 

We assume the absorber is in photoionization equilibrium with the quasar radiation 
field and we use the numerical code CLOUDY (version 90.04, Ferland et al. 1998| ) to 
examine its ionization properties. We note that the column densities in Table 2 imply 
immediately that the absorber is optically thin in the Lyman continuum, out to at least 
~0.37 keV (the ionization threshold of Mg X). Figure 4 plots calculated ionization fractions 
for H I and various metal ions, Mj, in general optically thin clouds that are photoionized 
by a broken power-law spectrum. We use a spectral index of a = —1.7 in the Lyman 
continuum out to 1 keV, based mainly on our measurement of a = —1.73 for A <J 1030 A 
(§3.3). At higher energies we adopt the slope a x = —0.9, based on X-ray observations of 
similar objects ( |Laor et al. 1997 , George et al. 1998a|) . There is considerable uncertainty 
about the true spectral shape of 3C 288.1 (and other quasars) in the extreme UV and soft 
X-rays. The uncertain slope is particularly important when comparing ions/lines with very 
different ionization energies. However, these uncertainties are not important to our main 
conclusions below. 

The ion fractions in Figure 4 are plotted for a range of ionization parameters, U - 
defined here as the dimensionless ratio of hydrogen-ionizing photon to hydrogen particle 
densities^ (see Ferland et al. 1998|) . The ionization fractions are not sensitve to either 
the metal abundances or the space density (for a given U). They also do not depend on 
the column densities used in the calculations, as long as the gas remains optically thin 



in the ionizing continuum (see Netzer 1996 , Hamann et al. 1995 , Hamann 1997 for more 



discussion and calculations using other parameters). 

We estimate U in the 3C 288.1 absorber by comparing the ion fractions /(Mj) in 
Figure 4 to various column density ratios from Table 2. Each column density ratio 
yields an independent estimate. Some of the U values are illustrated in Figure 4 by bold 
vertical lines that connect the /(Mj) curves used for that estimate. For example, the 
measured N III/N IV column density ratio is —0.6 dex, implying a moderate ionization 
with logU « -1.7. The C III/C IV and O III/O IV ratios suggest similar U. (Although 
included in Figure 4, we consider the U estimates for sulfur to be unreliable because of 
the uncertainties in their column densities, §4.2.) By making the reasonable assumption 
that O, Ne and Mg have roughly solar relative abundances, we use the O VI/Ne VIII and 
Mg X/Ne VIII column densities to infer much larger values of log U ~ 0.0 in the region 
where those lines form. The ratios of intermediate ions like N IV/N V and O V/O VI 
indicate intermediate U values^. 



2 For comparison, we note that log U x = log U — 1.47 for this continuum shape, where U x is the ionization 
parameter defined over the photon energies 0.1 to 10 keV (Netzer 1996). 

3 Note that these simple U estimates do not correct for multiple zones possibly contributing to the 
measured column densities. Such corrections would require and explicit (but ad hoc) model. 
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The differences in these derived U values are well above the uncertainties and 
inconsistent with a single zone absorber. For a given space density, njj, and distance, R, 
from the ionizing continuum source, optically thin clouds should have the same level of 
ionization throughout (e.g. there can be no gradient in the ionization due to the absorber's 
own opacity). The optically thin clouds in 3C 288.1 must therefore occupy a range of 
densities or distances. From the definition of U (where U oc nj^ 1 R~ 2 ), and the difference 
of AlogC/ ^ 1.7 between the "high" and "low" -ionization regions, we infer a factor of 
^50 range in the space density, a factor of ^7 range in the distance, or some equivalent 
combination of different uh and R values. 



4.4. Elemental Abundances 

The relative abundance of any two elements a and b can be derived from the following 
expression, 

'a" 



b 




+ logl'^4) + log(-) (J) 



f{ai 



where (b/a)Q is the solar abundance ratio ( Grevesse fc Anders 1989 ), and N and / are 



respectively the column densities and ionization fractions of element a in ion state i, 
etc. With suitable ionization corrections, f(bj)/f(ai) from Figure 4, we can trivially 
derive abundance ratios from the column densities in Table 2. For example, we estimate 
average values of [C/O] « -0.5 and [N/O] « +0.1 from the ratios C III/O III, C IV/O IV, 
N III/O III and N IV/O IV. The theoretical uncertainties in these results (e.g. for different 
continuum shapes) should be small, <^0.1 dex (at la or ~60% confidence), because we are 



comparing similar ions ( Hamann 1997 ). The observational uncertainties are larger but 
more difficult to assess; we estimate that they are <0.2 dex in these averaged ratios (§4.2 
and Table 2). We derive the overall metallicity by assuming the H I absorber resides mainly 
with the doubly- and triply-ionized metals at logU « —1.8 to —1.6 (Fig. 4, §4.3). Plugging 
the appropriate ion fractions into Equation 1 then implies [C/H] ~ —0.7, [N/H] ~ —0.1, 
and [O/H] ~ —0.3. The theoretical uncertainties in this case are larger, perhaps up to 
0.3-0.4 dex (g amann 1997[) , because the ions being compared have significantly different 



ionization energies. 

If we had assumed that most of the H I coexists with the high ions at log U ~ 0.0 (Fig. 
4, §4.3), we would have inferred much lower metallicities of [M/H] ~ —1.7 to —1.4 for the 
metals O, Ne and Mg. However, these low metallicities would lead to a contradiction for 
the lower ions in Equation 1 (for example, by predicting too much H I for the measured 
amounts of the metal ions). The higher metallicities derived from the lower ions, and our 
original assumption that the H I resides mainly in the lower U gas, must therefore be 
correct. 

Nonetheless, there are still uncertainties related to the absorber's complexity; the gas 
does not have a single U value and we do not know how much of the H I resides co-spatially 
with each metal ion. We therefore estimate lower limits on the metal-to-hydrogen ratios. 
Hamann (1997) showed that the ionization corrections /(H l)//(Mj) all have minimum 
values at some particular U (see also Bergeron &: Stasinska 1986| ) . If the actual absorber 



has zones with different U contributing to the lines, it can only mean that the true 
ionization corrections are larger. Therefore, the minimum ionization corrections yield 
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robust minimum values of [M/H]. Hamann & Ferland (1999) plot minimum ionization 
corrections for optically thin clouds photoionized by different power-law spectra (their 
Fig. 11). For the column densities in Table 2 and a spectrum similar to that adopted 
in §4.3, the Hamann & Ferland (1999) calculations imply lower limits of [C/H] ^ —0.7, 
[N/H] £ -0.2, and [O/H] £ -0.5 for the z a m 0.9627 absorber in 3C 288.1. 

We conclude that the overall metallicity (dominated by O/H) is roughly 1/2 Zq, with 
a firm lower limit near 1/3 Z Q . 



4.5. Total Column Densities and Predicted X-Ray Absorption 

We just argued that the H I column density is contributed mostly by a low- ionization 
region, where log U ~ —1.8 to —1.6 and /(H I) —3.8 to —3.5 (Fig. 4). The measured 
value of the H I column density (Table 2) therefore implies a total hydrogen column of 
logA r H(cm -2 ) ~ 19.5 in that region. If the metal abundances are approximately 1/2 Zq 
(§4.4), we can estimate Nn in the high-ionization gas from the column densities (Table 2) 
and ionization fractions (Fig. 4) of Ne VIII and Mg X. We find log A r n(cm -2 ) 20.2 for 
that region. 

These results make specific predictions for the X-ray absorption that should accompany 
the UV AALs. Explicit photoionization calculations, using the column densities, ionizations 
and abundances quoted above, imply that the continuum optical depths should be <0.016 
at 0.2 keV and <0.003 at 2.0 keV (in absorber's rest frame). The deepest X-ray absorption, 
due mainly to the combined O VII and O VIII edges near 0.8 keV, should be ^3% below 
the continuum. We therefore expect no significant X-ray absorption by the AAL gas in 
3C 288.1. This prediction is not sensitive to the uncertain continuum shape or any other 
assumptions in the calculations. The only possibility for strong X-ray absorption is if that 
absorber contributes negligibly to the UV lines. Such an absorber would need to have 
either a much lower b value or much higher ionization than we infer from the AALs. 



5. Discussion 
5.1. The UV X-Ray Absorber Connection 

The main results of this paper are 1) the detection of the high-ionization AALs Ne VIII 
AA770,780 and Mg X A625, and 2) the prediction that the AAL gas will not produce 
significant bound- free absorption in X-rays (§4.5). Simple 1-zone models of strong UV 
line and X-ray continuum absorption cannot apply to this object. In fact, the variety of 
UV AALs alone requires multiple absorbing zones with different levels of ionization (§4.3). 
Strong X-ray absorption would require yet another zone, having a high-column density of 
gas with either much higher ionization or a much lower velocity dispersion (b value) than 
the main AAL absorber (§4.5). 

To our knowledge, 3C 288.1 is now the fourth quasar for which the Ne VIII AALs 
(and in this case also Mg X) have been measured. The other quasars are UM 675 at 
redshift z e = 2.15 (Hamann et al. 19951 , Hamann et al. 1997|), HS 1700+6416 at z e = 2.713 



(petitjean et al. 1996| ), and J2233-606 at z e = 2.24 ( petitjean & Srianand 1999|) . 



There is another object with well- measured Ne VIII, Mg X and even Si XII absorption 
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(SBS 1542+541 at z e = 2.36, [Telfer et al. 1998| ), but the lines in that case appear 
more like BALs than AALs (blueshifted by ~11,500 km s" 1 and having FWHM 2500 
km s _1 ). It is not yet clear how common these high-ionization lines are in AAL or BAL 
systems, but we know of no cases where high-quality, short-wavelength spectra clearly 
rule out their presence. The AAL column densities measured for UM 675 and J2233— 606 
imply that their UV lines also form in multi-zone regions with no significant X-ray 
opacity. The total absorbing columns inferred from their AALs are similar to 3C 288.1, 
logAn(cm~ 2 ) <^ 20 for solar abundances. Reliable column densities are not available for 
the UV absorbers in HS 1700+6416 and SBS 1542+541, although Telfer et al. (1998) 
estimate log An(cm _2 ) ^ 21.5 for the latter BAL-like source. 

Existing X-ray data are sparse for these 5 quasars with known Ne VIII absorption. 
The UV-X-ray spectral index of 3C 288.1, a ox « —1.51, implies a slightly above average 
X-ray/UV flux ratio for quasars of similar redshift and luminosity ( |Wilkes et al. 1994] ) . 
While not a strong constraint on the X-ray absorption, this result is at least consistent 
with our prediction for negligible absorption based on the AALs alone ( Brandt et al. 1999 ). 
Better data for HS 1700+6416 ( Yuan et al. 1998| ) indicate a modest X-ray absorbing 
column of log Nn(cm~ 2 ) ~ 20.5. In contrast, the BAL-like source SBS 1542+541 appears 
to be heavily absorbed in X-rays, based on its weak X-ray flux ( Telfer et al. 1998] , Yuan 
et al. 1998| ). 



Several recent studies describe the correlated appearance of UV and X-ray absorbers 
in quasars and active galaxies (§1). Brandt et al. (1999) have gone a step further by 
suggesting that the strengths of the UV and X-ray features also correlate. Nonetheless, 
the physical relationship between the absorbers remains unknown. AAL regions can 
clearly have a variety of properties (e.g. ionization and column density) that are not 
always conducive to X-ray continuum absorption (see also [Kriss et al. 199E , Hamann 
1997, Hamann et al. 1997, Mathur et al. 1999| ). Fundamentally, the column densities 



needed for strong AALs can be much less than those required for significant bound-free 
opacity. As a result, even those AAL regions with high, warm absorber- like ionizations 
(as in 3C 288.1, etc.) need not produce measurable X-ray absorption. Conversely, the 
high ionizations and high column densities derived for X-ray warm absorbers ( Reynolds] 
1997 , George et al. 1998a ) will not necessarily produce strong AALs, especially in the 
lower ions if the velocity dispersion (6 value) is smallQ. The two absorbing regions might 
be physically related in general, but they need not be identical. One specific possibility, 
proposed for quasar BALs ( Murray et al. 1995 ), is that the X-ray absorption occurs at the 
base of an accretion-disk outflow while the UV lines form largely in the accelerated gas 
farther out. 

Studies that encompass both the high-ionization UV lines and the high-ionization 
X-ray edges (e.g. O VII and O VIII) are needed to test this physical relationship further. 



4 For example, if the X-ray 
log7V H (cm~ 2 ) « 22 and logU f 



absor ber has solar abund ances and "nominal" parameters, such as 

then the column density in C IV will be 



0.5 flGeorge et al. 1998a| ) 

log7V(cm~ 2 ) <J 14.1 (using ion fractions from Figure 4). The resulting line strengths depend keenly on the 
velocity dispersion. If the velocities are strictly thermal, then b ~ 4.5 km s~ for carbon in a 15000 K gas and 
the equivalent width of C IV A1548 would be just ~0.08 A in the rest frame. At larger velocity dispersions, 
say b — 20 km s _1 , this line's strength would be ~0.24 A, etc., up to ~0.5 A in the high b (optically thin) 
limit. 
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Intermediate-redshift quasars like 3C288.1 are prime targets for this work (§1). However, 
a special concern with quasar AALs is that they can form potentially in a variety of 
locations. The origin and physical nature of the AAL gas, as well as its relationship to the 
X-ray features, are thus intimately tied to the question of the absorber's location. 



5.2. Where is the Absorber in 3C 288.1? 



Recent studies indicate that AALs have generally high metallicities (near or above 
the solar value, e.g. Petitjean et al. 1994, Petitjean &i Srianand 1999| , Hamann & 



Ferland 1999|), and strengths that correlate with the quasar's radio properties and perhaps 
lumin osity ([Anderson et al. 1987], [Foltz et al. 1988|, [Aldcroft et al. 1994 [Wills et al | 



1995j |Baker fe Hunstead 199J , |Barthel 1997[ Richards et al. 1999| , [Brandt et al. 1999| ) 



These results suggest that AALs are often physically related to quasars. Further evidence 
for a close relationship has come from spectroscopic indicators, such as 1) time- variable line 
strengths, 2) well-resolved AAL profiles that are smooth and broad compared to thermal 
line widths, and 3) multiplet ratios that imply partial coverage of the background light 
source(s) (e.g. [Barlow &: Sargent 1997 , Barlow et al. 1997, Hamann et al. 1997, Ganguly 
et al. 1999| ). The link between these properties and the near-quasar environment is 



strengthened by the fact that they are common among BALs ( [Barlow 1993| , [Barlow &: 



Junkkarinen 1994 , Hamann 1998 , Arav et al. 1999 ). AALs with these properties are likely 
to form in outflows from the central engines, at radii of tens of pc or possibly much less 
(e.g. Hamann et al. 1997| ) . It should be a high priority to apply these spectroscopic tests 
of an "intrinsic" origin to the AALs in 3C 288.1 and other sources. The existing data for 



3C 288.1 provide only indirect evidence for intrinsic absorption. In particular: 

1) The ionization (§4.3) and metallicity (§4.4) in 3C 288.1 are probably both too high 



for an absorber at large (cosmologically significant) distances from the QSO ( Verner et al. 



1994b, Hamann fc Ferland 1999| ). The high metallicity suggests that the AAL gas resides 



(or originated) within the quasar's host galaxy, while the high ionization suggests a strong 
influence of the quasar's intense radiation field. If the gas is photoionized by the quasar 
spectrum, the relationship between the gas' density, ionization parameter and distance 
from 3C 288.1 is R « 60 (1/C/) 1 / 2 (10 4 cm~ 3 /ra^) 1//2 pc (based on the measured flux in Fig. 
1, the ionizing spectral shape used in §4.3, and a cosmology with H Q = 65 km s _1 Mpc -1 
and q Q = 0.2). 

2) Three of the 5 absorption-line systems with measured Ne VIII (UM 675, J2233— 606 
and SBS1542+531 discussed in §5.1) are known to have at least one of the spectral 



indicators of an intrinsic origin listed above (Hamann et al. 1995, Hamann et al. 
1997[ [Telfer et al. 1998 , Petitjean fc Srianand 1999j ). These results support the argument in 



point (1) above, that high-ionization lines like Ne VIII and Mg X are additional signatures 
of intrinsic absorption. 

3) Weaker statistical evidence comes from the bipolar radio morphology of 3C 288.1 
( |Reid et al. 1995 , Akujor et al. 1994] ). Lobe-dominated radio structures are known to 
correlate with the presence of strong AALs ( Wills et al. 199"5| , [Barthel 1997 ). They are 
also indicative of an edge-on orientation for the central quasar/accretion disk. Strong 
AALs (as in 3C 288.1) should therefore tend to form not only near the quasar, but near 
the plane of its accretion disk or extended torus ( Wills et al. 1994 Barthel 1997]) . The 
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situation might be analogous to BAL outflows, where disk-like geometries are favored by 



polarization observations ( Goodrich fc Miller 1995 , Hines fc Wills 1995, Cohen et al. 1995) 



and by some theoretical models of disk-driven outflows (e.g. Murray et al. 1995 , de Kool 



19971) . 



We conclude conservatively that the AALs in 3C 288.1 are physically related to the 
quasar, probably forming well within the radius of the quasar's host galaxy. 



5.3. The Spectral Energy Distribution 

The shape of the ionizing continuum is a fundamental question in studies of quasars 
and active galaxies. A simple analysis of the broad emission- line equivalent widths suggests 
that there must be a large "blue bump," peaking around 2-5 Rydberg and contributing 
more than 50% of the bolometric luminosity (e.g. Mathews &: Ferland 1987, Netzer 1990). 
AGN spectra cannot be measured directly at these energies, but recent far-UV and soft 
X-ray observations give no evidence for the predicted big blue bump (Zheng et al. 1996 
and Laor et al. 1997). Netzer (1985) showed that there is a serious energy budget problem 
in photoionization models of the emission-line gas if a strong blue bump is not included. In 
particular, the line strengths are severely underpredicted by the models. This theoretical 
problem depends partly on the global covering factor of the emitting gas. The rarity of 
rest-frame Lyman-limit absorption in quasars implies that we rarely (if ever) view them 
through the line-emitting gas; thus the covering factors are expected to be low — of order 
10% (e.g. Antonnucci et al. 1989, Koratkar et al. 1992). Korista et al. (1997) recently 
confirmed that these low covering factors, together with the bump-less ionizing continuum 
inferred from the Zheng et al. and Laor et al. data, underpredict the emission line 
strengths by factors of several. They estimate, for example, that excessively large covering 
factors of 56% -75% would be needed to match the typical Hell A1640 line strength. One 
possible solution, proposed by Korista et al., is that the broad emission line regions might 
not "see" the same continuum shape we do. 

Currently this theoretical problem is unresolved. The spectrum of 3C 288.1 presented 
here (§3.3) is consistent with the other observations, providing no evidence for a substantial 
blue bump at higher (unobserved) energies. 



6. Summary and Conclusions 

Comparative UV and X-ray studies are beginning to yield new insights into the nature 
of AGN absorbing environments. However, the the physical relationship of the UV and 
X-ray absorbers remains unclear. 3C 288.1 provides another counterexample to simple 
models that would attribute all of the UV and X-ray features to identically the same gas 
(see §1 for references). Realistic models must include the increasing levels of complexity 
implied by new and better data. Intermediate-redshift quasars will be an important source 
of new data because they allow us to measure a wide range of under-utilized features in 
the rest-frame far UV — for example the H I Lyman limit and high-ionization AALs like 
Ne VIII AA770,780 and Mg X AA610,625. Our analysis of these features in 3C 288.1 shows 
that multiple absorbing regions (spanning a range of ionizations, densities and/or distances 
from the quasar) contribute to the AAL spectrum (§4.3). Moreover, the column densities 



13 



inferred from the AALs are too small to produce significant bound-free opacity at any UV 
through X-ray wavelengths (§4.5). There will be no significant X-ray absorption in this 
object unless it occurs in yet another region — having a much higher ionization or a much 
lower velocity dispersion than the dominant AAL absorber. We are now pursuing X-ray 
observations of 3C 288.1 to test these predictions. 

One essential ingredient for any model of these regions is the location of the absorbing 
gas. Indirect evidence suggests that the AALs in 3C 288.1 form close to the quasar, 
probably well within the radius of the quasar's host galaxy (§5.2). Unfortunately, that 
weak constraint on the location allows for a variety of possible absorption sites, e.g. 
interstellar gas in the extended host galaxy, a dense torus surrounding the active nucleus, 
or an outflow from the central engine/accretion disk. The AAL kinematics indicate that 
the absorber is clearly not part of a high-velocity wind like the BALs; the lines are only 
~900 km s _1 wide and their centroids are within ±1000 km s -1 of the quasar rest frame 
(§4.1). Better constraints on the location and kinematics will require higher resolution 
spectra and, ideally, repeated observations at both UV and X-ray wavelengths (to test 
for variable absorption, cf. Hamann et al. 1997| , Barlow fc Sargent 1997 , George et al. 



1998b ). Those data would also provide more complete and more reliable estimates of the 
ionizations, kinematics, abundances and column densities in the different absorbing zones. 
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Table 1. Absorption Line Data 
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Table 1 — Continued 
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Table 1 — Continued 
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a Abbreviations have the following meanings: bl = blended line 
measured separately, ubl = unresolved blend, ubl-i = unresolved blend 
with individual W\ estimated, FWHM = full width at half minimum 
in km s _1 , Gal = Galactic line, ID? = identification uncertain, mult 
= unresolved multiplet listed as one line, up = 3a upper limits at X Q b s 
defined by z a = 0.9627. 
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Table 2. Column Densities 
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FIGURE CAPTIONS 



Fig. 1. — HST STIS spectra of 3C 288.1 at both the observed and rest-frame wavelengths 
(where rest is defined by the emission redshift z e = 0.961). The upper and lower panels 
show spectra from the G140L and G230L gratings, respectively. The Flux has units 
10~ 15 ergs s _1 cm~ 2 A -1 . Absorption lines in the main AAL system (z a ~ 0.9627) are 
labeled across the top. Galactic lines and a weaker Lya system (at z a rs 0.9467) are 
marked below. 

Fig. 2. — Observed spectrum of 3C 288.1 (solid histogram) and a fit (dotted lines) to 
the continuum, O VI emission line, and several absorption lines. The Ly/3 line at the 
left has redshift z a « 0.9467, while the others belong to the strong associated system at 
z a m 0.9627 (see Fig. 1 and §3.1). 

Fig. 3. — Spectrum of 3C 288.1 on a log-log scale, where v is the rest-frame frequency in 
Hz and the flux F v has units ergs s _1 cm -2 Hz -1 . The bold solid line is a broken power 
law with a = -1.73 for logz/(Hz) £ 15.46 and a » -0.83 for logz^(Hz) £ 15.46. The dotted 
line is just an extension of the low frequency power law segment. "LL" marks the Lyman 
limit in the z a « 0.9627 absorption system. 

Fig. 4. — Ionization fractions in optically thin clouds that are photoionized at different U. 
The ionizing spectrum is a broken power-law with a uvx = —1.7 and a x = —0.9. The HI 
fraction appears across the top. The curves for the metal ions are labeled directly above 
or below their maximum values, except for Mg II in the lower left of the bottom panel. 
The sulfur ions in the lower panel, and silicon ions in the upper panel, are represented by 
dash-dot curves for clarity. The notation is HI = H°, CIV = C +3 , etc. The bold vertical 
lines connect pairs of /(Mj) curves at the U value implied by the ratio of their column 
densities. Specifically, the bold lines correspond to the ratios C III/C IV, O IV/O V, 
O III/O IV, O V/O VI, O Vl/Ne VIII, and Ne VIIl/Mg X from left to right in the top panel, 
and S IV/S V, S III/S IV, N III/N IV, and N IV/N V in the bottom panel. See §4.3. 
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